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THE ROLE OF MAGNETICRECONNECTIONPHENOHENAIN THE REVERSED-FIELD‘INCH

D. A. Baker

Los AlamosNationalLaboratory

Los Alamos,New Mexico 87545

The reversed-fieldpinch (RFP),an axisymmetrictoroidal
magnetic confinementexperiment,has physicsrichin the area
oommonlycalledfieldlinereconnectionor merging. This paper
reviews the topics uhere reconnection plays a vital
role: (a) RFP formationand the phenomenonof self-reversal,
{b)RFP mstainment in which the RFP configurationhas been
etiodnto be oapableof maintainingitselffor timasmuch longer
than etirli?rpredictionsfromolaasioalresi~tiveKHD theory,
(c)steadystatecurrentdrivein which “dynamo action” and
associated reconnectionprocessesgiveriseto the possibility
of sustainingthe configurationindefinitelyby means of low
frequency ao modulationof the toroidaland poloidalmagnetic
fields,(d) the effectsof reconnectionon the formation and
evolutior,of the magneticsurfaceswhichare intimatelyrelated
to the plaf~macontainmentproperties. It appears that all
phases of the RFP operation ●re intimatelyrelat?dto the
reconnectionand field~egenerationprocessessimilarto those
Oncountbredin spaoeand astrq?hvsios.

1. Introciuctlon

Ohe of the motivationsof the ChapmanCon~erenceon Reconnectionwas to

bringphysicistswho study space ●nd laboratoryplasmas together Rllowing a

fertile interohan;eof Ideas and physiosknowledgewhiohhave ❑uoh in oommon

in the Lwo disoiplintis.The rev~rsad-fieldpinoh(RFP)has muoh to offer in

this regard ainoe its formation and suetainmelltinvolvethe phenomenonof

field-linereoonneotion.

The RFP stems from the ewlieet Z-pinohes [Cousins and blare,1951]

following the studiosof %nnett, [1934]. In the 50’smuoh researohwas done

on the Z-pinoh,partloularly●t laboratoriesIn Loa Alamos and Llverrscrein

the U.S., Harual: ●nd Ald6maston in the U.K. , mnd Fonteray-aux-Rosesin

Franoe. A good referenoelistfor thjsearlywork ia avnilablein [Olasstone

●nd Lovoberg, 19601. Laterhiotoryand physlon disoussiunsof the toroidal

pinoh oonoepL ●r* outlined in [Baker and Di)4arco, 1975], [Bodin ●nd

Keen, 19771, [LoclirI●nd Nawton,1980]●nd [Baker●~d Quinn,1981]. The baaio

pinohidea in to use the aalf-magnetiofieldsof ● Oul-ent plasma oolumn tc’
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oontainthe plasma. The simpleZ-pinuhconoeptwas plaguedwith problens of

PIHD instabilityand the modern RFP is the result of experimentaland

theoreticalstudieswhichhave led to grosslystablepinchconfigurations.

The objectivesof the paperwill be to discussspecifictopics in which

the spacephysicsrelatedconcept~of fieldline reconnectionor merging,flux

annihilationor generation,and dynamoactionare relevantin the RFP physics.

These topicsincludeRf’Pformationand self-reversal,RFP sustainment,stgady

statecurrentdrive,and effectson fieldline topology which affect plasma

containment.

2. The Reversed-FieldPinchConfiguration

The modern day reversed-fieldpinch used for fusion-orientedplasma

containmentstudiesis typifiedby the Los AlamosZT-40Mexperiment[baker,et

al.,19831 shown in Fig. 1. Currantly there are four additional RFP

experimentsin whioh extensive results are available: Ot!Tb in th~

U.S. [Tamano, et al., 1983], HBTX-IA in the U.K. [Bodin, et al., 1983J,

ETA BETA11 in Italy[Antoni,et al., lg83],and TPE-IR(M)in Japan[OgaWa,et

al., 1983]. There are several other RFP experimentswhichare reoently

operatingor are scheduledLo beginoperation in 19d4: the REVERSATRC)Nat the

Universityof Colorado; ZT-P an Los Alamos;REPUTE-I,Tokyo;STP-3,Nagoya;

HIT-1,Hiroshima; STL-RFP, Kyoto; and,a small experiment at th~ Tokyu

Instituteof Technology.

The modernRFP utilizesa thin,toroidalmetalvaouumlinernestedinside

Q thiokhighlyoonduotingshell. The lineris resistive and the shell has

gaps In the poloidal (short way nroundthe torus)and toroidal(longway

aroundthe torus)directionsto ●now the pulsedfieldsto enter the plasma

region inside the liner. in experimentsusingvery ~Lowly●ppliedtoroidal

fields,the gup in the shellwhiohextendsin the toroidal direotion Odn be

omitted. Outside the shell●re poloi~l ●nd toroidalwindingswhiohproduoe

the neoessarymagnetiofieldsto (1)induoethm toroidal aleotrio field to

drive the toroidal ourrent that produoeathm pololdaloonfiningfieldBb,

(2)pro”?ide●n initial toroidal stabilizing field B$, and (3) provide
equilibriumcontrollingf’ieldaas neededduringetartupand sustainment,In

the presentexperimentsthe windings●re ●nergized from oapaoitor bmka. The

reversed fieldconfigurationia ● oombinatimof toroidaland poloidmlfields

produoinga eet of nestedaurfaoeauhoaefieldlinespossess● high dewao of’
.hm.n ● m t.ha finldn from different magnetio flux ●urfaoeeare oompaf]d
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(Fig.2). The RFP dif?ers from the tokamak by having the highly sheared

M~OtlC field whose toroidal field rewraes in tbe outer region of’ the

discharge and by having● thiakconductingshell whose purposeis to provide

global W etability, whereas the takamW relies on ● ~ery strong

unidirectionaltoroidalma~etic field. A gengraleohematiccomparisonof the

RFF ●nd tokamk field ootr>onents●longthe midplanoof the torusis glv%n in

Fig. 3. Hagnetic cores ●re oftenused to increasethe transformerooupling

fromthe pulsedpoloidalfieldooils (multi-tumtransformerprimary)●nd the

plasma(singletum aeoondary).

3. ReconnectionDuringRFP Formation

3.1. For- by Re~ of ~~

The earliest experimentson fast=ourrwnt-risetoroidal pincheswere

formedinsidea toroidalfluxconservingshell●nd damnstra~edthe abilityof

a toroidal current-carryingplasma, hmving an initially unidirectional

toroidalstabilizingfield,to re-arrange itself into ● pinched discharge

whosetoroidalfieldis Lncreaaedinternallyand reversedIn the outerreglon~

of the pinoh. See, for example,[Colgate,et ●l., 1958]. This self-reversal

process, observed in the early faat pinohes,(mioroseoond time soalws) was

explainedqualitatively●s follows. An ●xiaymetric toroidal pinch first

forms ●s shown in Fig, 4a. The highlypinohedplasmaoolumnis MHD unstabl~

to a helicalperturbation●nd inks into● large●mplitudehelix●s shown in

Fig.4b, This helical, multi-turn solenoid-likeourrent ga:lerates●n

increasedoomponentof toroidal field, thus inoronaing the toroidal flux in

the interior region of the plasma. Sinoethe oonduotingboundaryoonserves

the totaltoroidalfluxon the time ooalesof these ●xporiments,●ddy ourrents

●re induoed In the walluhichproduoe● negative toroidalflux in the outer

portic’~of the disohargethus maintaining ● oonatant total toroidal flux

inside th~ oonduoting aholl. At thie point the pinohas tendto rctum toward

●xiaymmatry.A oloaer look ●t the prooesa IS shown in a seotorof the torus

in Fig.5. The field of the kinked plasma in Fig. 5b has halioal flux

ourfaoes and a helioaix-point locus (separator).Thus thtiplama oan return

towarda ●xiaymmet?yby field line reoonneotion ●t the z-pointand by ●

diffusion●nd smoothing of tho plasma oolum?, The ideal smoothed out

configurationof Fig.5C now haa ● reversed fieldwhoretha toroidalfieldwas

initially●ll in tho ●ame (forww’d)direotlon(Fig.5a). It ie Olear that

field-linereoonneotion is a neoesaaryln~ediant of forming ●n ●xiay~etrio
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pinch by self-rev~rsal ●ince rapid chenges in field line topology ●nd changes

in the flux Inside●nd outalde ●eparatrix ●urfaceti ●re involved.

The simplified qualitative picture $JOt described obviously lnvolveo

plama dynamica, reconnection and dlffuaion proceaaes. The ●ctual

quantitative theoretical description of self-revaraal la currently under

Intensestudyu~ing powerful two ●nd three dimensional (3-D) ?fHD computer

codes. The earliest RPP reeultt from 3-D numerical computation were reported

by Sykes ●nd Wesaon, [1977]. They verified the growth of ● helical unrntable

mode which produced the field reversal. M the calculation proceeded, ●

second helical Instability ●ppeared with helf the wavelengthof the first one.

This was followed by reaiative tearing, reconnection ●nd ● return to n~ar

●xial mymmetry. These first calculations ueed ● 6trai8ht linear pinch

simulated in ● rectangular crosc-saction conducting box. ‘fhe calculation did

verify the ●arly concepts that self-reversal can be produced by the g%owth of

a helical disturbance ●nd a return to ●-try by rsconnaction proceaees.

This work haa been recently confimed ●nd extendedwith more powerful computer

codes [Schnuck, ●t ●l., 1983; Aydemir ●nd Barnea,1983a,1983b;

Holmee, ●t ●l., 1983]. Experiment.al evidence for field rw-rsal by helical

modes is summarized by Bodin ●nd Nawton [198’.].

3.2. The ~~lor Relaxation Model

A model which pre4icta that ● current-carrying plasmacolumn locacad

inmide d cylindrical (coordinates r,e,z) flux conaervins shell, with ●

Suitakly high value of the ratio of toroidal current to poloidal flux, will

relax to 8 revaraed-field configuration haa been proposed

[Tayicm, 1974, 1975. 1976]. The basic premise in this daccriptionit that●

giv~!nconfiguratio~ of magnetic fiald having ●n initial Q~lU@ of magnatic

haitcity u - Jv@ydv ●nd longitudinalmagnaticflux @ - jABtdA will ●volve

by magnaticreconnection prcccmao to a lowest ●tata of mgnetic flald ●crgy

Va ● Ll B2dV keeping the value of K ●nd O constant. The um of the megnetlc

hulicity ae ●n invariant was used ●arlier in Lhe ~etrophysicm literature in

ralatad ●rguxnt~ leading to the prediction of force-free field configuration

~Woltjar, (1950), (1959), (1960)]. The me8netic helicity ia an ●xact

invariant for ●ny cloaod flux tube in ● parfoctly conducting fluid. The

Taylor hypothesis la that the localiced reconnection proceoceo dua to ● @mall

●mount of diaeipation will chan8e the fiald line topolo8y but will leave tha

total globalmagnetichelicity in the plaama volume con~erv~d on the time
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saale of the relaxation,whilethe magneticenergyLa not. This hypothesis

leadsto a farce-freeconfigurationsatisfying V x ~ = p! where ~ is a

oonstant. In tmma of easily measured dimensionless parameters

e = &ll~zave ●ndF=B zwallmzave the mdel predicts cylindrically

symmetric BesselfunctionsolutionsBz = BoJo(2&/a)●nd Be = BoJ1(2W/a) for

Q ~ 1.55and a helioallysymmetricstate for higherQ. For O ~ 1.2the field

is reversed.The lowestenergystateslie on a locusin F-O space as shownin

Fig. 6. In practice, the Taylor model is & qualitativeguide to the RFp

self-reversalbehavior. Experimentallythe F-O curvenormallyliesabovethat

predictedas shown in Fig. 7. The ●ctual experimentsdeviate from the

idealized Taylor mdel in severalaspectsas ~hownin TableI. In spiteof

thesedifferencesthe modelhas been a very useful guide for the states

resultingfromthe reconnectionrelaxationprocesses.

TABLEI

DEVIATIONSFROMTHE TAYLORPROBLEMIN REAL EXPERIMENTS

uutWWAk

Plasmasurroundedby perfect oonductor. Doublewall,olosostone resistive,
gaps in outer shell.

Passive relaxation. Drivensystem(toroidalE field)

Zeroplasmap~esaure. fJp = 2uop/(Bew/All)2- ‘Os

High conductivityplasmathroughout Coldplasmamxt to wall,
the volume. gas releasedfrom the wall.

Th6 Taylor ●nalysis has &eneratedmuch interest●nd many authorshave

studiedvariation and modificationsof the originalnnaly4s. A correction

to the original work has beenpublished[Reiman,1980,1981]. Extensionsof

the model from oylindriealto toroidalgeometry have been made [Miller and

Turner1981; Faber, Uhite, ●nd Nina, 1982a, 1982b; Edenatraeser,1983a],

Argumentsrelatingto why th6magn?tio helioityshoulddeoay O1OW1Y compared

to the Mgnetio ●nergy have been ●dvanoed [Montgomery,Turner, ●nd

Vahnla,(1978)]. An ●xten~iva atatiat%ioalmeohanioal mtudy u6ing

inoompressableHHD and the K and 4 Invariant prediot a otatehaving

fluctuations●bout theTaylorstate[Tur-ner,1983a,1983bl* The Taylor work

has epawn?d many other papma uhioh diaouaa minimum●nergy●tatua obtained

usingdifferingoonstrmints or geometries, some of whioh ●now ● non-zero



-6-

plama pfiessureand/orfluidflow:LRosenbluthand Bussac, 1979;Sudan,1979

Finn, Uanheimer, and Ott, 1981; Marklin ●nd Bondesoxz,1980

Bondeson,et al., 1981; Erlebaoher,1981; Bhattacharjee,et al., 1980,1982

Brandenburgr1982;Edenstraaserand Sehuurman, 1983b;Finn and Antonaon, 1983;

Turner,1983c]. A related ●nalyses which maximizes entropy Instead of

minimizingenergyhas also ●ppeared[Hszteiriand Hammer,1982].

?.?. T~

The generation of toroidal flux Is involved in the explanationof

self-reversalphenomenonof Sec. 3.1. The generationof fluxhas also been

demonstratedclearlyfor a very slowlyrisingcurrent (- 14ms riaetime) in

ZT-40Mwhere,unlikethe earlierexperiments,the high temperature(- 0.3 keV)

●nd long durationcurrentpulse (- 15ms) have precluded internal magnetic

probe measurements. The measurementla made by meansof a toroidalflux

pickup 100p surrounding the vaouuu liner, ●s shown in Fig.8.

[Phillips, et al,, 1983). The measured wavefmaa of toroidal current, the

toroidal flux, and toroidal field just outside the liner, are shown in Fig. 9.

The RFP configurationis first formed by a rapid rise in the aurrent to

- ?0 kA in 0.75ms (startup)md thenallowedto S1OW1Yincrease to - 170 kA

(seeFig. 9a). As seenin Fig. 9b and 9c, the totaltoroidalfluxaa measured

by the externalloopincraaseaand the externalfieldremainsreversed during

the entireslowriseof ourrent. Sime the toroidalfieldis negative on tile

outside,the positiveflux0+ in the disohargeis surroundedby an ●nnul&r

region af negativefluxW M shownschematicallyin Fig. 8. The dottedline

representsthe locusof the toroidalfieldnull. Applying Faraday’s law to

the regioninsidethe toroidalfieldnull 8ives

nogativo flux annulus

Ii ~“dt
‘1 nor ‘- ●

(1)

(2)

$ddingthe two equatione w. obtainthe t~td 6 aoneedby the fluxlooP
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loop voltage = V + 5- . -
f~ ~er !“$: . (3)

When the flux is considered to Eovs ●t a velocity ‘E = ~x~/B2

[Lmgmire, 1963], the firsttermsin the righthandsidesof Eqs. (1) and (2)

represent the equal annihilation or generation ratesof positiveand negative

fluxat the toroidalfieldnull and cancelwhen the two equations are added.

Annihilationand generationcorrespondto the mean poloidal~ at the reversal

pointbeingpositiveor negative, respectively.The remaining term [rhs of

Eq. (3)1 represents the rate of entering or leaving of negativefluxat the

linerboundary. Sincethe fieldis alwaysreversedat the boundary for the

slow rise of currentin Fig. 9, the net fluxcan only increaseby the 10s3of

negativeflux from the volume, i.e.,
t

~“dt C O. To demonstratethe

generationof positiveflux (andthe equ~l%ount of negative flux)duringthe

slow rise of current,one must show thatmore negativefluxis removedat the

baundary than was initiallypresentjustafLerthe RFP was formedduring the

startup. This demonstrationfollows from a theorem [Caramana and

Moses,1983a]whichputs an upperlimiton the ratioof negati’reto totalflux

requiredfor equilibrium

ia’-j+F2+W2- 1] ,
‘total

(4)

whereF ●nd O ●r~ ●a definedin the lastSeotion. When this upper ljmit is

calculatedfor the disuharg~oonditiona●fter startupF = -0.2and 0 = 1.6 for

Fi8, 9 it h found that the observed 150$ inorease of net fluxia five times

the 30S limit imposedby Eq. (4) [Caramanaand Baker,1983bl. Thus fluxis

generatednot onlyduringthe rapidmtmrtupof tn RFP but ●lso during ● very

O1OW rise of ourrent. This interestingfluxgenerationeffoat,whiohis the

oppositeof the wellknownfieldannihilationdue to resistive dissipation,

has been oalled ‘the dynamo ●ffectwin ●nalo~ to the fieldgenerationby

solarand terrestrialdynamos[Hoffat, 1978].
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4. Sustainmentof the RFP Configuration

4.1. Pre~ of~ic Ohm s ~*

In the earlyhistoryof the reversed field pinch, it was generally

believed that the RFP configurationonce producedwould,of necessity,decay

by resistivediffusion(seefor example[Robinson,et al., 1972]). Indeed if

a cylindricallysymmetric pinch were formed and a simple Ohms law were valid

(5)

(~ is the re~j,~tivity tensor, ~ the ~urre~t density, ~d ~ the pl~~~

velocity)then this conclusionwouldbe correct. This follows from Eq. (1)

when one evaluatesthe righthand side. Notingthat~~ liesalong~, which is

totallypoloidalat the toroidalfieldnull,one may write

(6)

where M denotesa componentparallelto ~. The lastinequality follows from

the factthat VI > 0 for a collisionalresistivity,UoJe : - aBz/dr (from the

MaxwellequationV x ~ = UOLJ)and aBz/ar< 0 whereBz = O (thefield reversal

radius). Thus rIlJ8is positiveand fromEq. (1) $+ < 0 and the POsitiv8flux

must decay.

The interestingfeatureof recentexperimentsis that Qonstant current

RFP dischargeshavebeen obtainedfor lifetimesmuch exceedingthe predictions

of classical theory and ohm’s lAW. It now ●ppears, from this strong

experimentalevidence,that the RFP configuration aan be sustainedas longas

the ourrentand plasmadensity●re maintained.The flat-tcppedcurrentof the

present ZT-40M experimentis maintainedin presentexperimentsby a toroidal

electricfieldproducedby transformeraotion. The plasma deneity oan be

replenishedwhen needed by @as indeotion. A sampleflat-toppedcurrent

disohar~ein ZT-40Flsuataingd20 ms is shown in Fig. 10. Claeaioal 100al

ohmic oaloulationsfcr cylindricalsy-try prediotthat, for the conditions

of this disoharge, the positive toroidal flUx Would deoay in ● few

milliseconds[Caramana●nd Baker, lq8sb]. One la thus led to the conclusion

thatthe dischargecannotbe describedby ● aYmID8tric100alOhmta law model.
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IrA general, this implies, thatfor the sustainedand slowlyrisingcurrent

RFP, one or both of the foilowing:(1) ;helocalOhm’s law descriptionis not

valid,(2)the pinchis not symmetric.

11.2.Th~orv fora T~

A p..’ularexplanationof fieldgenerationand ~u~tainmentin the RFP was

firstadvancedby Gimlettand Watkins,[1975]borrowing from the mean-field

Mill used to descri~

rotating bodies in

R&dler,1980].) Just

steadystate,neither

steady axisymmetric

coficlusionis implied

mean-fieldapproach

dynamotheoriesfor the earth,sun and other conducting,

astrophysics. (See, for example, [Krause and

as a local ohm’s law,symmetricRFP cannotexistir.

oan the fieldsof a rotating conductingob~ect retain

fieldin the presenceof an Ohm~slaw description.This

by a theoremdue to Cowling[1934]. The essence of

is +-n assumethat thereare mean < > and fluctuating6

componentsfor ~ = <~> + 6! ‘and~ = <~> + o:,

these are substitutedinto Ohm’s law Eq.

averaged,one obtainsa modifiedOhm’slaw for

where <6!>= <6:> = O. When

(5) and the resultingequation

the mean electricfield~

(7)

Takingcomponentsalongthe mean toroidal field null and, for simplicity,

neglectingthe flu~tuationsin resistivity

The new term in Eq. (8) need

fluctuatingcomponentsof plaama

(8)

not vanisheven thoughthemean valuesof the

velocityand magneticfield6~,6g are zero.

For the simplest case of isotropic turbulence,the <6~s6~>termgivesa

contributiona%> to the mean ●lectric field, and is oalled the Walpha

effectm. Studies and extensionsof the ●lpha ●ffeot oonoept in the RFP

context have been made [Sohafl’er,1982; Gerwin ●nd Keinigs,1982;

Keinigs,19831. If the correlations●nd ●mplitudesof 6: and 62 ●re suitable,

the two termson the righthand aide of Eq. (8) may aancelor even have the

opposite sign from that of a conventionalaolliaionalOhm’slaw, Since

Faraday’slaw is linear,the mean valuesof’flux●nd electric field satisfy
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Faraday’s equation with no new terms. One then has a possibk way around

deoayImpliedby Eqs. (1)and (6)ainoethe mean poloidal~ ean now be zero or

negative and the mean fluxcan remainconstantor grow eventhoughthereis

dissipationpresent. Theredoes,of oourse, have to be energysuppliedto the

system to retaina steadystate●gainstlosses. Thismodelis not by itself

completein that it ~ the existenceof suitablefluctuationsin the

magnetic field and plasma velocity. It oan be called the kinematic dynamo

since self-consistent plasma dynamics followingNgwtonand Maxwell yet need

demonstration.

Recent calculationswith three-dimensionalcodes have beenemplcyed

aimingto delineateself-consistentdynamoactioninvolving reconnectionand

turbulent processes. A sample of such calculationsof the reconmcting

surfacesof an RFP configurationare shownin Fig. 11 [Caraxina, Nebel, and

Schnack,19831. The correspondingflowis shownin Fig. 12.

The sequence of events displayed in Fig. 11 is as follows:(1)a

resistivelyunstableRFP configurationis producedby the ohmicheating which

overpeaks the current on the interior of the plasmacolumn;(2)a first

reconnectionoccurswhichleadsto a helicallydeformed state; (3)a second

reconnectionoccurs which increases the magneticshearleadingto a stable

configuration;(U)ohmicheatingcan then distort&he currentpro?ileand the

whole process repaats. The firstreoonaectionis of the rapidSweet-Parker

typescalingas rI]’2and descrioedby the Kadomsev[19751 model. The second

reconnectionscales as n and proceeds on the slower diffusion time scale.

This is in contragtto the singletypeof rapid re~onnec!tionreturning the

plasma to axisymmetryusedin tokamakdescriptions.The abovecalculations

su~est a periodic‘sawtooth*behavior not unlikethatwhichhas beenobserved

on ZT-40M when operated●t high @ values[Uatt●nd Nebel,1983;Nebel,19S3].

Thesesawtootheventsproducepositiveincrementsin the toroidalfluxand are

identifiedwith individual“dynamo”events. Analogouseventsare ●pparenton

the fluxtraoe for a slow ourrent rise (Fig.9). It is notedthat the above

oalculaiions●re in aontrast to the modelof Hutchinson[1982]thatuses

reconnection●rgumentsfor the RFP based on the Kadomsev model for the entire

proce~s.
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4.3. HSliG8L~

The possibilityof steadystateRFP havinga helically symmetricplasma

oalum with a steady plasma flow pattern and satisfyingOhm’s law was

suggested by the eornputercalculationsSykes and Wess?n,[1975]. The

conditionsfor sucha state were explcredby Gimblett[1980].

Preliminarystudiesof the problemof whethe~it ia possibleto set up a

stationaryohmic helical state by the reconnection●ssociated with the

resistivetearingmode has beenmade [Dagazian1980a,1980bl. Numerical and

analytic work on thisproblemhave been reported[Schnack,1980;Dobrott6nd

Schnack,1983;Aydemirand Barnes,1983a,1983b]. The last authors report

that 2-D mld 3-D computercalculationshave demonstratedsteadystateswhich

are maintainedagainat resiztive diffusion by the dynama action of large

helicalflows.

4.4. tv of ic FMJQL

An important topic Is the possible breaking up of the nestedflux

surfacesof a toroidalequilibriumby magnetic field perturbations. lt is

known that rather smallnon-axisymmetricfielderrorscan resonatewith the

helicalfieldlinesleadingto a chang~in the field topology [Kerst,1962].

Theseerrorscan producemall ‘islandsRof nestedsurfaces,eachwith Its own

magneticaxis, As the fieldperturbation~●re mado larger, portions of the

error fieldswith differentharmoniccontentcan interactwith the main fields

and with eachother to produoea region wherethere●re no well-behavedflux

surfaces ●nd the field lineswanderchaotically[Rosenbluth,et al,, 1966;

Ualkerand Ford,1969;and Spenoer,1980]. Such behavioris of much interest,

in the fusion field because of the effects of suchbehavioron plasma

containment.Internalplasmaperturbationsand rsconnactionprocesses can

lead much ‘o~dicn behavior as has beenobservedin 3-D computermodeling

[Schnack,et ●l., 1983;Aydemir1983a]. The effectof suchchanges in field

topologyon transportand plaamaoontalnmentis an active●rea of research.

A tangleddlaoharge~del to explainthe self-reversalat,dsustainmentof

●n RFP has been advansed[Rusbridge,19’,7;Miller,1983]9 ThtsMel retains

Ohm’s law bbt ●ammes that the fieldlinesbehavestochaaticallyoverthe

entireplasmavolume. EMF’aon tho interioract up electrostaticfields to

drive the current●longthe ~ line●~inut ths ●ppliedelbctricfieldin the

reversedmawetio fieldregion.
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The possible generationof magneticislandsby reconnectionIn an RFP has

led to a modelfor sustainingthe configuratim[Jaoobson,1984a]. The model

makesuse of the changein magneticsurfacesbehaviorproduoerlby ● periodic

radial perturbing field, ●nd the spa?eahargeelectricfieldresultingfrom

ion transport to drive the required currents. A seoond mechuism

[Jacobson,19831 uses a rectificationprocess produced by 6odulating the

electricalresistlvityin the presenceof recurringmagneticislands.

Very recentlya modelhas bsen ●dvanced[Jaoobson●nd Moses,1984b]which

proposes RFP sustainmentby replacingOhm’s lawwith ● kinetictheorymaking

use of a Fokker-Plarke~uation. The collisiontermis modified with a term

used to describe transport in an ●asumedstochasticfield[Rosenbluthand

Rechester,19781.

4~hLhULEmsM

Even thoughthe sustainmentof the RFP configurationagainst dissipative

field diffusion appears no longer to be a problem,thereis the factthat

presenttoroidalRFPsuse an Inductivetoroidal electric field to maintain

them. Sincethis fieldid producedby the transformeruction ●ssociatedwith

continuously increasing the fluxin the centralhole of the torus,thismethod

of necessity limits the duration of the unidirectionaltoroidalcurrent

beflausethe magneticfieldcannot~~e inoreased indefinitely. Thm tokamaks

sharpthisproperty●nd schemesfor driving ● direct current indefinitely with

a radiofrequencyfieldor pcrticle hams have been devised ●nd tested.

Thanksto the plasmarelaxationthroughfieldline reconnection processes, the

RFP has ● potentialschemefor a steadystatecurrentdrive whichutilizes ●c

modulation of the currentson the toroidai●nd poloidalfieldtiindingsusing

economical●udio frequenoiea. This method was suggested by [Bevir and

Grey, 1980]. The possibilityariseafrom the fact that the rapidrelaxation

of the dischargekeepsthe configuration on ●n F-O trajectory●a discusoed in

Sec. 3.2. T41s constitutes● nonlinear coupling between tho poloidnl●nd

toroidalfieldQircuits. Unlike● linear system, this nonlinear ooupling

S11OWS the generationof ● dc oomponentof toroidalcurrent to sustain the

discharge when the properphasing~f ac modulating currents ●re ●pplied to

each set of fieldw.ndinu~(seeFig, 13).

Compt~Ler o~lculations using ● model baaed on the F-O ooupling

[Johnston,1981;sa])r~nberg, ●t al., 1982] predicts the ountaining of the

toroidal ouvent cy thisteohnique[Schoenberg,●t ●l., 1983al. The results
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of suuh ● oaleulation showing ● steady do oomponent of current and constant

mean-field flux are shown in Fig. 14. Preliminary experiments in which each

winding of the ZT-40H ●xperimentwas individuallyac mdulated have confirmed

the main premiseson whichthis teohnique Is based[Schoenberg,1983b]. ‘fhe

fulltest to produae● net dc currentby thistechniqueon ZT-4CJMis planned.

5. Conclusion

It is impressivehow much of the present-dayRFP conceptsand experiments

are intimatelyrelated to the rapidfieldline reconnection processes. The

startup,sustainmentand containment●re vitallycontrolled●nd modified by

the relaxationof the plasmaconfigurationthroughthe fieldlinereconnection

phenomenon..Two ●reas●re particularlyoutstandingaxamples where concepts

havina ori~ina in the astrophysicsareahave greatlyenhancedthe laboratory

studyof the RFP;namelythe mean-fielddynamoand the plasmarelaxationto ●

loueatenergystate.

The phenomenonof reconnectionin ● conductingplasmaleadsto ●n area

ri~h in mechanisms for flux generation ●nd RFP sustainmentjn the presence Of

oolliaionaldissipation.As furtherwork olarifieswhichof themany possible

meohanlsmsoan be made self-consistentand in ●greement with ●xperimental

observations,the resultswill haveconsiderableImpactto both the space●nd

laboratoryphysics oomunities. It Is olear that further ●nd closer

collaborationbetweenresearchersof space●nd astrophysicsplasmasand those

●saocintedwith Uboratory-produoedpla8mas would greatly benefit both

disciplines. It 18 hoped that thisreviewwith ita ●xtenoivebibliography

will ●id in mtivatin& thiscooperation.
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FIGURECAPTIONS

Pig. 1● Drawingof the Los Alamoa ZT-40111reversed fie’d pinchexperiment.

Fig. 2. Schematioshowingthe toroidalfieldwinding,>heslotted conducting

shell, and the highly-shearedfieldlineslyingon nestedflux surrloasof ●

reversedfieldpin~

Fig. 3. Comparisonof tokamakand the reversed field pinch !’Ields. The

poloidal Be and toroidalB+ fieldcomponentsalongthe midplaneof the torus

●re shown,

Fig. 4. Top view of a toroldal pinch inside e flux conserving shell.

(a)pinahed plasma ●nd ● samplefieldline; (b)plasma oolumnkinkedinto a

helix,strengthening ~ near the minoraxis and reversing ~ outside.

Fig.5. Demonstrationof self-reversalof the mmgnetic field by plasma

kinkingand fieldmerging. (a) pinohed plasma; (b)pinohafterkinkingintoa

helix;aeparatrioesand x-pointshaveformed;(o)plasmaaolumnwith reversed

fieldconfiguration●fterfieldlinereconnection●nd returnto symmetry,

Fig. 6. Left:Bessel function field profiles for the Taylorlowestenersy

state, Right: F-O diagram showing field revoraal for O ~ 1.2 and the

thresholdfor the formitionof helioallowost●nergystates●t O w 1,55.

Fig. 7. A comparisonof an experimental F-GI trajectory obtainedfrom● single

dlsohargein the ZT-40tI●xpwlmont with the Taylorpredi~tion.The trajectory

starts at F s 1 and,movoa to higher O and lotm F valuea ●s the diaoharge

ourrent inoreases and tho ruveraod field stateis fnmed.

Fig. 8. A aohematio arosa aeotion of the 2T-401Jldiaoh?mge showing the

poaitlve and negative flux rcgims and the locationof the fluxloopthat

meaauros the net toroidalfluxinsidethe roalatlvovaovurnliner.

?lu. 9. Uaveforrns for Q slowly-rising ourrent in ZT-40M. (a) toroidal

ourrent;(b)toroldalflux;(o) toroidalfield just outside the vaouum liner.
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Fig,10. Toroidal ourrent1$, s’~eraget:rcidalfield ~ > (fluxloross-section‘4
●rea), external toroidal mametic fielu ~’awand toroidal~oltageV for a long

livedZT-40Mdiaohar%e.

Fig, 110 Results of c oomputerOaloulationshowingthe eroassectionof a

helloallysymmetricrngnetiosurfaceahowiag a two successive reconnection.

Fig. 12. Plasma flow patterns corresponding to Fig. 11.

Fig. 13. Schematicuhowingthe oonneation of ●c voltaae sources to produce a

steadystatedc oomponentcurrentin the RFP.

Fig, 14. Computer demcmtration of dc ourrentclr’,veby driving●c voltageson

the fieldwindings. (a)current;(b)pcdoidalfluxthroughthe hole in the

torus.
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